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ARTICLE INFO ABSTRACT 

Keywords: In this paper, vertically aligned GaN@Gaz2Ox3 core-shell heterostructured nanowire arrays have 
GaN been fabricated by thermal oxidation of GaN nanowire arrays. GaN nanowire arrays have been 
Ga203 


prepared by inductively coupled plasma etching. The GaN@Ga203 nanowire arrays have the good 
an; morphology and the thickness of the GazO3 shell can be controlled by the oxidation duration and 
Photocatalytic activity temperature. The photocatalytic activity of vertically aligned GaN@Ga203 nanowires has been 
Rhodamine B first evaluated by the degradation of Rhodamine B solution. Compared with the original GaN 
nanowires and the oxidized GagO3 nanowires, GAN@Ga2O3 nanowires exhibit superior photo- 
catalytic activity. This finding suggests that GaN nanowire arrays with enhanced photocatalytic 
activity could be obtained by construct heterostructured GaN-based nanocomposite, which pro- 
vides a new possibility for photocatalytic applications. 


Core-shell structure 





1. Introduction 


Semiconductor nanomaterials have a wide range of applications due to their one-dimension structure, large surface-to-volume ratio 
and light-trapping ability [1-5]. Among numerous nanomaterials, GaN (E, = 3.4 eV) and Ga2O3 (FE, = 4.8-4.9 eV) have attracted 
tremendous attention because of their wide bandgap, good chemical and thermal stability, and favorable optical and electric properties 
[6-10]. Recently, extensive efforts have been made on GaN-GazO3 nanocomposite materials because the unique heterostructure 
provides a variety of novel functions not originally available in either GaN or GagO3 nanostructures [1 1—18]. GAN@Gaz2O3 core-shell 
nanowires (NWs) are a case in point. 

On the other hand, both GaN and Ga2O3 are promising photocatalytic materials due to their excellent chemical stability and being 
capable to photo-oxidative destruction of organic dyeing pollutants [19-22]. Similar with other semiconductor nanocomposites, 
GaN@Gaz203 core-shell nanocomposites are expected to improve photocatalytic activity [23-26]. However, there are few reports of 
GaN@Gaz203 core-shell nanocomposites to enhance photocatalytic efficiency [11]. In addition, photocatalytic applications of the 
vertically aligned GaN@Gaz2O3 core-shell nanowire arrays (NAs) has not been reported so far. 

For the preparation of GAN@Ga203 NWs, current researches have employed two main methods. i) Synthesis of the GAN@Ga203 
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core-shell NWs by hetero-epitaxy [12,13]. ii) Introduction of the Ga20%3 outer shell via thermal oxidation of the GaN core [16-18]. 
Among them, thermal oxidation is a preferable method with simple operation and low cost. However, most reported GaN@Ga203 
core-shell nanowires are inclined or planar. As widely known, the inductively coupled plasma (ICP) etching is a simple and feasible 
approach to fabricate vertically aligned GaN NAs [27-29]. In this paper, we have prepared the vertically aligned GaN@Ga203 
core-shell heterostructured NAs by thermally oxidizing GaN NAs fabricated via ICP etching. 

The microstructure feature and the photocatalytic property for degrading Rhodamine B (RhB, CogH31;N203Cl) of the GAN@Ga203 
core-shell NAs have been first investigated. And the possible mechanism of the enhanced catalysis of GAN@Gaz2O3 core-shell NAs for 
the photodegradation of RhB has been discussed. 


2. Experimental details 


The well-aligned GaN NAs were first fabricated by ICP etching using self-organized nickel nano-mask as the etching masks on GaN/ 
sapphire (the experimental details were described in Ref. [28]). Then the GAN@Ga203 and Ga203 NAs were formed from the GaN NAs 
by controlling the thermal oxidation parameters. The oxidation process was carried out in an O2 flow of 200 sccm at 850 °C for 15 min 
and at 1000 °C for 10 min, respectively. The microstructural features of the oxidized NAs were characterized by scanning electron 
microscopy (SEM), transmission electron microscopy (TEM) and energy dispersive spectroscope (EDS). In addition, the NAs samples 
oxidized at 900 °C for 10 min and at 950 °C for 5 min, 10min were also prepared to examine the effect of the oxidation parameters on 
the oxidized shell thickness. The photocatalytic experiments were conducted at room temperature under simulated sunlight irradiation 
by a 500 W Xe lamp. The RhB dye was chosen to study the photodegradation activity of NAs. All NAs samples on sapphire substrate 
(1.5 x 0.8 cm?) were completely immersed in the aqueous solution containing 7.5 mg/L of RhB dye. The distance from the glass tube to 
light source was fixed at 10 cm and the irradiation time was 4 h. At hourly intervals, the solution was taken out and the degradation of 
RhB was determined by measuring the maximum absorbance at 526 nm on UV-6100S double beam spectrophotometer. The absor- 
bance of the pure RhB without NAs was measured as a reference standard. 


3. Results and discussions 
3.1. Material characterization 


Fig. la shows the schematic diagram for the fabrication of vertically aligned GaN@Gaz2O3 core-shell heterostructured NAs. Fig. 1b 
and c show the tilted-view and cross-sectional (the insets) SEM images of the original GaN NAs and the oxidized GA2N@Ga2O3 NAs at 
850 °C. Both the samples exhibit a morphology of vertically aligned nanowires with a density of 6.4 x 10°/cm?. The average diameter 
and length of the original GaN NAs are ~0.21 um and ~2 um, respectively (Fig. 1b). After the oxidation, the NAs can still maintain the 
original morphology but the surface of obtained GAN@Gaz2O3 NAs is roughened (Fig. 1c). The rougher surface means the large surface- 
to-volume ratio, which can provide trap sites of carriers in novel device application. 

Fig. 2a shows the TEM image of a typical GAN@Gaz2O3 core-shell nanowire oxidized at 850 °C for 15 min. The single nanowire 
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Fig. 1. (a) Schematic diagram of the fabrication of GaN@Ga20; core-shell nanowire arrays. Tilted-view and cross-sectional SEM images of (b) the 
original GaN NAs and (c) the GAN@Ga203 NAs oxidized at 850 °C for 15 min. 
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exhibits a uniform core-shell morphology, and the thickness of Ga203 shell is estimated as ~5 nm. It suggests that the oxidation rate is 
uniform along the radial directions of the nanowire. Fig. 2b shows the high-resolution TEM image near the GAN@Ga2O3 interface. Two 
regions are marked: (A) the GaN core and (B) the GazO3 shell. The inset of Fig. 2b shows a selected area electron diffraction (SAED) 
pattern in the interface, which include the hexagonal spotty diffraction pattern from [0002] direction of GaN and a discontinuous ring 
with discrete spots from GazO3 shell. The clear lattice fringes are obviously observed and the interplanar spacing of GaN (0002) is 
calculated to be 0.255 nm in region A (Fig. 2c). In region B, the Ga2O3 shell consists of large grains, and the interplanar spacing of 
Gaz03 (400) is 0.307 nm (Fig. 2d). The above results indicate that the core of nanowire is single-crystal wurtzite GaN and the shell is 
polycrystalline Ga2O3. In addition, the EDS spectra have been conducted by line-scanning and mapping to determine the elemental 
distributions along the core-shell nanowire (Fig. 2e and f). It can be found that the GaN nanowire is homogeneously wrapped in the 5- 
nm thick Gaz2O3 shell, which are in agreement with the TEM result. 

The effect of the oxidation conditions on the shell thickness of core-shell NAs has been studied, the shell thickness increases with 
increasing the temperature and the oxidation time as shown in Fig. 3a. After oxidation at 1000 °C for 10 min, the vertically aligned GaN 
NAs have been completely converted to vertically aligned GazO3 NAs with rougher surface (Fig. 3b—d). The average diameter of Ga2O3 
NAs increases slightly to ~0.22 um (Fig. 3b). The HRTEM image indicates that the high temperature oxidation improves the crys- 
tallinity of GagO3 NAs, shown in Fig. 3d. 


3.2. Photocatalytic activity and stability 


The photocatalytic activities of original GaN NAs, GGAN@Ga2O3 core-shell NAs (850 °C, 15min) and Ga2O3 NAs (1000 °C, 10min) 
have been investigated by the degradation of RhB under simulated sunlight illumination. Fig. 4 shows the corresponding degradation 
UV-visible spectra of RhB solution. Blank test (Fig. 4a) shows that the RhB solution is slowly self-degraded over the irradiation time 
and around 49% of RhB is remained after 3 h. Photocatalytic experiments (Fig.4b—d) clearly demonstrate that GaN@Ga203 NAs 
exhibit better photocatalytic activity compared with pure GaN and GagO3 NAs. After 3 h irradiation, the maximum absorption peak of 
RhB almost vanishes for GAN@Gaz2O3 (Fig. 4c) NAs, while it still exists for the pure GaN (Fig. 4b) and Gaz2O3 (Fig. 4d) NAs. In order to 
observe the result of photocatalytic degradation directly, the photograph of different samples is shown in Fig. 4e. Among all the 
samples, it can be found that GAN@Ga2O3 NAs show the best photocatalytic activity. 

The degradation efficiency (D) of RhB can be calculated by D = (1 — A /Ao) x 100%, where Ao is the initial absorbance of the RhB 
solution without treatment and A is the absorbance after reaction [30]. To better distinguish the photocatalytic activities of these 
samples, the degradation efficiency of RhB is plotted in Fig. 5a. After 3 h irradiation, the degradation efficiency is about 51%, 81%, 
93% and 81% for pure RhB, GaN, GaN@Ga203 and GazO3 NAs, respectively. In addition, the photocatalytic degradation reaction of 
RhB follows the pseudo-first-order reaction equation In(Co /C) = kt [20], and the apparent rate constant (k) reflects the degradation 
rate of RhB under sunlight irradiation. As shown in Fig. 5b, the derived k values are 0.0042 min ~!, 0.0094 min~!, 0.0142 min™!, and 
0.0096 min™! for pure RhB, GaN, GaN@Ga2O3 and Ga2O3 NAs, respectively. The order of rate constants is summarized as follows: 
GaN@Gaz203 > Ga203 > GaN > RhB, which is consistent with the conclusions of photocatalytic degradation curves presented in 
Fig. 5a. These results suggest that construction of GaN@GazO3 core-shell structure is beneficial to enhance the photocatalytic 
performance. 

As the stability of a photocatalyst is very important for its practical applications, three successive cyclic photocatalytic degradation 
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Fig. 2. (a) TEM image of a Ga2N@Gaz203 core-shell nanowire oxidized at 850 °C for 15 min. HRTEM images of the core-shell nanowire: (b) the core- 
shell interface, (c) GaN core and (d) Ga203 shell. The inset of (b) is the diffraction pattern taken at the interface. (e) The SEM graph of a GAN@Gaz203 
core-shell nanowire. (f) The EDS nanoprobe line-scan for the elements Ga, N and O along the red line in (d) and the corresponding EDS 
elemental mappings. 


L. Zhang et al. Superlattices and Microstructures 143 (2020) 106556 


d PL: nx {i 1) Ky 
` yo Ae J 
CW ba 
UM ol R Ke A ey 
Ae Puy N Ty N ; 
8500 900C 350C 950 č 4 m): ky 
RO AW: 


Ga,O, shell thickness (nm) 


15min 10min 5min 10min 
Oxidizing condition 





Fig. 3. (a) The variation of the Ga2O3 shell thickness under different oxidation conditions. (b) Tilted-view SEM, (c) TEM and (d) HRTEM images of 
the oxidized GazO3 NAs from GaN at 1000 °C. The inset of (b) is the cross-sectional SEM image of the Ga203 NAs and the inset of (d) is the 
diffraction pattern. 


tests have been performed to investigate the stability and reusability of GaN@Ga203 NAs. As shown in Fig. 5c, the degradation rates of 
RhB show only a slight decrease after three cycles, indicating that GaN@Ga203 NAs can be used as a stable photocatalyst. 


3.3. Photocatalytic mechanism 


Under irradiation, the NAs can absorb light to generate electron-hole pairs. The photogenerated electrons (e ) react with the 
dissolved O> molecules in water to yield the highly oxidative species like superoxide radical anions (O2* ), which on protonation 
generate hydroperoxyl radicals (HO2*), and eventually produce hydroxyl radical (OH*). Meanwhile, the photogenerated holes (h*) 
could potentially react with the surface water molecule to form highly reactive hydroxyl radical (OH*). The hydroxyl radical (OH*) is a 
strong oxidizing agent to degrade the organic RhB dye. The photogenerated holes themselves can also directly oxidize the organic dye. 
The above possible reactions for the degradation of RhB are listed as follows: 


e +0207 (1) 
O3 +H2O—HO3+OH (2) 
HO} +H2O0—H202+OH" (3) 
HO» > 20H° (4) 
h*+H,0 > OH*+H* (5) 
OH*/O3 /h_ +RhB—>CO2+H20+micromolecules (6) 


So the photogenerated electron-hole pairs by UV irradiating NAs enhance the photodegradation of RhB dye. Although the bandgap 
of Ga203 (4.8-4.9 eV) is bigger than that of GaN (3.4 eV), the photodegradation efficiency of Ga203 NAs is slightly higher than that of 
GaN NAs, which may be due to their increased surface area after the oxidation. The surface area of GagO3 NAs increases by about 5% 
after the complete conversion from GaN NAs, which increases the contact area with the RhB solution. GAN@Ga2O3 exhibit higher 
photocatalytic activity than that of pure GaN and Ga203 NAs. On the one hand, the novel core-shell structure increases the absorption 
of light with different wavelengths, and on the other hand, the core-shell heterostructured structure can accelerate the separation of 
photogenerated charge carriers which is similar to those that have been well reported in the literature [23-25]. 

Compared with other GaN/Ga203 based nanowires photocatalysts reported previously, GaN@Ga203 NAs can achieve comparable 
or superior photocatalytic efficiency with smaller surface area [20-22]. Table 1 shows the comparison of the photodegradation 


L. Zhang et al. Superlattices and Microstructures 143 (2020) 106556 








2.0 
5 5 
S 1.5 S 
O pure RhB S GaN NAs 
g 10 = 
2 2 
k — 
O O 
#05 2 
< < 
0.0 
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750 
Wavelength (nm) Wavelength (nm) 
2.0 
5 5 
w15 S 
® q) 
oO GaN@Ga,0, NAs Oo Ga,0; NAs 
= 1.0 i = 
o ' Time Abs. © 
2 ——0Oh - 2 
5 St 5 
N — 2h N 
2 0.5 — 3h a2 
<x ~ hh < 
ee. S 
400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750 
Wavelength (nm) Wavelength (nm) 


(e) 












Core-shell Ga203 NAs 


Fig. 4. Time-dependent UV-visible spectra of RhB solution (a) without photocatalyst and with (b) GaN NAs, (c) GaN@Ga20; NAs, and (d) Ga203 
NAs. (e) Photographs of the original RhB solution and the degraded RhB solutions after 3 h irradiation. 


parameters of present GaN/Ga2O3 based nanowires photocatalysts. 
4. Conclusions 

In conclusion, we have fabricated vertically aligned GaN@Gaz2O3 core-shell heterostructured NAs by thermal oxidizing GaN NAs 
prepared by ICP etching. SEM and TEM observations verify that the prepared GaN@Ga203 nanowire owns uniform core-shell 
structure. The well-ordered core-shell NAs with controllable shell thickness have been demonstrated. Compared with pure GaN and 
Ga203 NAs, GaN@Ga203 NAs shows the better photocatalytic activity for the degradation of Rhodamine B. These results indicate that 
the combination of ICP etching and oxidation is a simple and practicable way to realize the vertically aligned Ga2N@Ga2O3 NAs, and the 
core-shell NAs is a promising candidate for photocatalytic applications. 
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Fig. 5. (a) Degradation profiles and (b) kinetic liner simulation curves of RhB photocatalytic degradation without catalyst and with GaN, 
GaN@Ga203 and Ga203 NAs. (c) Photocatalytic stability of the GaN@Ga203 NAs for RhB photodegradation with three cycles of use. 


Table 1 

Comparison of the photodegradation parameters for GaN/Ga2O3 based nanowires photocatalysts. 
Catalyst Structure Nanostructure dimension Density Pollutant Degradation k Ref. 
GaN NWs inclined D:0.12 um, L:10 pm — MB 93% (4 h) — [20] 
GaN NAs vertically aligned D:0.21 um, L:2 pm 6.4 x 108/cm? RhB 81% (3 h) 0.0094 min`! this work 
Ga203 Nanobelts inclined D:>0.09 um, L:10-40 pm — RhB/MB 70%/93% (2 h) 0.0087/0.0142 min! [21] 
Ga 203 Nanorods parallely aligned D:0.05 pm, L:200 pm 1000 mg/L RhB 92% (3 h) — [22] 
Ga203 NAs vertically aligned D:0.22 um, L:2 um 6.4 x 10°/cm? RhB 81% (3 h) 0.0096 min“! this work 
GaN@Ga,03 NAs _ vertically aligned  D:0.21 pm, L:2 pm 6.4 x 108/cm? RhB 93% (3 h) 0.0142 min`! this work 


Note: D, nanowire diameter; L, nanowire length; MB, Methylene Blue. 
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